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Three-dimensionally periodic dielectric layered structure
with omnidirectional photonic band gap
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A three-dimensionally periodic dielectric structure with a large complete photonic bandPB&p

is presented. The structure is distinguished by a sequence of planar layers, identical except for a
horizontal offset, and repeating every three layers to form an fcc lattice. The layers can be thought
of as an alternating stack of the two basic two-dimensi¢2B) PBG slab geometries: rods in air

and air cylinders in dielectric. These high-symmetry planar cross-sections should simplify the
integration of optical devices and components by allowing modification of only a single layer, using
simple defects of the same form as in the corresponding 2D systems. A process for fabricating the
structure with conventional planar microfabrication technology is described. Gaps of over 21% are
obtained for Si/air substrates. Reasonable gaps, over 8%, can be achieved even for the moderate
index ratio of 2.45 (Si/Sig). © 2000 American Institute of Physid$S0003-695(00)00848-2

Much research in recent years has been focused on phof over 8% even for Si:Si@contrast(e=12:2); the PBG
tonic crystals—periodic dielectri¢or metallig structures persists down t@ contrasts of 4:42:1 index contragt The
with a photonic band gaf°PBG), a range of frequencies in vertical transmission through roughly one perigdree lay-
which light is forbidden to propagate’. Photonic crystals ers plus a hole slakof the structure, shown in Fig.(8), is
provide an unprecedented degree of control over light, introattenuated by about 20 dB in the gap.
ducing the possibility of many novel optical devices and  Considered individually, such “photonic-crystal slab”
effects® The diamond, A7, and graphite geometries haveayers have been the subject of much recent sthtgcause
been shown to be particularly promising for PBGs, and thes¢hey form a convenient and easily fabricated approximation
have led to many interesting practical structffés.We  to two-dimensional photonic crystals. By themselves, how-
present a desigidepicted in Fig. 1 for a practical three- ever, they do not have a complete PBG and rely on index
dimensional photonic crystal based on these geometries. Oguiding for vertical confinement, with consequential radia-
design satisfies three desirable crite(iait has a large, com-  tion losses whenever translational symmetry is broleg.,
plete PBG;(ii) it is a stack of planar layers amenable to at a waveguide bend or resonant cavitpur structure over-
microfabrication; andiii) each layer corresponds to one of comes this difficulty, and retains the advantage of a highly
the two basic, ubiquitous two-dimensioneédD) photonic-  symmetric cross section—a “2D photonic crystal” in three
crystal slab geometries: rods in air and air cylinders in di-dimensions. In the same system, one may then effectively
electric. The third criterion distinguishes our structure fromwork with either “rod” or “hole” 2D crystals, with the

previous work, and the resulting high-symmetry cross secanalogous characters of the modes and defdets.,
tions should allow integrated optical networks to be formedwaveguides and cavities
by changing only asinglelayer. In this way, one can lever- The ideal photonic crystal structure is one with an om-
age the extensive analyses and results obtained for 2D slafidirectional band gap in three dimensions, and can thus be
structures; without incurring the intrinsic losses due to the used to control light without losses regardless of propagation
lack of an omnidirectional gap. direction. A large gagmeasured as a percentage of midgap
The structure we propose is simply an fcc lattipessi-  frequency is desirable because it displays the biggest optical
bly distorted of air (or low-indeX cylinders in dielectric, effects, has the strongest confinem@iiowing smaller crys-
oriented along the 111 direction. Such a structure, depictegh|s and devices is robust in the presence of experimental
in Fig. 1, results in a graphiteliResystem of planar “slabs” gisorder, and allows the widest bandwidth for optical de-
(two-dimensionally periodic, finite heighof two types: tri-  yjces. Most structures with complete PBGs are described by
angular lattices of air holes in dielectric and dielectric cylin- 53 diamond structufeor fcc lattice, or a distorted cousin such
ders(“rods™) in air. The sculptured appearance of the rods;g gn A7 or graphite structuteue to their “near-spherical”
is not important and is simply a by-product of the fabricationpyjiouin zones. Although this determines the underlying to-
method(in Fig. 2. These slabs are stacked in a repeatingpology and periodicity of the geometry, substantial innova-
three-layer sequend@long 11} and should be amenable to jons were required in order to design practically realizable
planar lithographic techniques as described in the followinggyctures at micron length scales. One class of systems, typi-
The band diagram, in Fig.(8), has a complete gap of over figq py the “inverse opal®~8 (an fcc lattice of air spheres in
21% for Si:air dielectric contragte=12:1 at 1.55um), and dielectrio, is constructed by self-assembly or similar

methods—this can have unique advanta@es., inexpensive
3Electronic mail: stevenj@alum.mit.edu large-scale growth but typically lacks the fine control pro-
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FIG. 3. (Color (a) Band diagram for the structure in Fig. 1, showing fre-
guency in scale-invariant units vs wave vector along important symmetry
directions in the irreducible Brillouin zone. The inset shows the first Bril-
louin zone and its symmetry point§h) Vertical transmission spectrum for
slightly over one periodthree layers plus a capping hole slab, as shown in
the inset of this structure, showing thE—L' gap.

FIG. 1. (Color) Computer rendering of a novel 3D photonic crystal, show- lanar-laver structure is the “laver-by-lavef’ (or
ing several horizontal periods and one vertical period, consisting of an fc Y Y y-lay

[} H LR 11 1 . H 4 g LRl H
lattice of air holesradius 0.293, height 0.92) in dielectric(21% fill. This ~ Wwoodpile” ™) design: dielectric “logs” stacked in alternat-
structure has a 21% gap for a dielectric constant of 12. ing perpendicular directions with a four-layer period, form-

ing an fcc crystal oriented in the 100 direction. Any given

vided by direct etching. Another PBG design, based on th@lane, however, does not have high rotational symmetry,
diamond structure, is an fcc lattice oriented vertically in themeaning that complicated optical systefmgth symmetric
111 direction and formed by drilling a set of angled holesWaveguides in various directionsust be formed by modi-
(along 110 into a bulk materiaf. A third class of designs, fying at least two layers. A similar structure with more com-
including ours, consists of planar layers with piecewise-Plicated logs(to more closely mimic a diamond structiire
constant cross sections, which can be fabricated layer bgas also been propos&dAn entirely different planar-layer
layer—this provides the ability to place defects and deviceghree-dimensional3D) PBG was designed using an fcc lat-

in the lattice with very fine control. An often-fabricated fice stacked in the 110 directi&ﬁ,with a 23% gap for
e=12:1—however, it lacks planar rotational symmetry, pro-

hibiting identical waveguides along different directiofuke-
sirable for integrated optigsThere is one planar-layer PBG
structure with a complete gap that does have highly symmet-
ric cross sections—the simple-cubic “scaffold” lattice
with square rods along the edges of the cul§€his is the
exception to the rule of fcc-like latticesln a sense, this
structure is similar to the one we propose, albeit in a simple-
cubic rather than fcc lattice—it consists of alternating layers
of thin slabs of square holes and thick slabs of square rods.
The maximum gap achievable in the cubic scaffold for
e=12:1is 7%.

The band diagram depicted in FigaBis for air holes of
radiusr =0.293 and heighth=0.93 (a is the fcc lattice
zou_ . o e o - ° constant and a dielectric constart=12, and has a 20.9%

4 ¥ ; T complete PBG. The bands were computed using precondi-

K ° e ° ‘o ° ‘= _;_ tioned conjugate-gradient minimization of the Rayleigh quo-
'°E' ' o el o = of‘ tient in a plane-wave bast§!’ (There are other symmetry

[ o B C ° BT o B C points in the irreducible Brillouin zone of this structure that
C il B C B C ° B were calculated but are not shown in the band diagram, be-

cause their band edges do not determine the gap in thig case.
The transmission spectrum of Figib3 is the result of a 3D
finite-difference time-domain simulatih with a normal-

FIG. 2. (Color) Schematic of the crystal in Fig. 1a) The vertical structure,  incidence ['—L") plane-wave source, absorbing boundaries
showing the different material layers as they might be deposited duringgbove and below, and periodic boundaries at the sides.
fabrication. (The layers are given different colors for clarity, but would : : ;

normally be the same material and thicknggls) Plan view of a horizontal Mo_re generally, onecan appl)_/ a trlgonal dlstqrtlon_to the
cross section intersecting the “A” cylinders, with the offset locations of fcc lattice of our structure to obtain a trigonal lattice without

cylinders in other layers also labeled. breaking any additional symmetry. The lattice vectors in this
Downloaded 13 Mar 2007 to 18.87.0.80. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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TABLE |. Optimal parameters and gaps for various dielectric constants. determined?_3) Our calculations show that the resulting extra
degree of freedom, the rod radius, allows a maximum gap of

€ contrast r h z Midgap v  Gap size over 26% for Si/air.

12:1(Siaip ~ 0.28% 0.96& 00165  057%/a  21.4% In summary, we have demonstrated a photonic crystal
‘13:21:2 (SiISi0y 027& 0.90&  —0.00246 o?&%‘zla&cg 8.4% structure with a complete three-_dimensional banq gap. This
451 0268 090G -000612 0.68&/a  2.7% structure has a very large gap, is tolerant of low index con-

4:1 (SiOzair)  0.25& 0.898 —0.00778 0.69%/a  0.33% trast, is amenable to layer-by-layer fabrication, and can be
thought of as a stack of 2D photonic-crystal slabs. This last
feature, in the context of a large three-dimensional gap, per-
case become the three permutations aR)(1,1z7) (z=0  Mits simplified construction of complicated optical networks
for fcc), with by modifying only a single layer, without breaking symmetry
between different directions in the plane. The defect modes

d=— a 1+ z thus created are expected to have much of the simple, well-
J3 2 understood character of the modes in the analogous 2D pho-
tonic crystals/slabgboth rod and hole latticgs-thereby
and building on the large body of existing work and analyses for
a those basic systems, without the inherent problems of losses
X= Ell—z| due to the lack of a complete PBG.

This work was supported in part by the Materials Re-
search Science and Engineering Center program of the Na-
Sional Science Foundation under Award No. DMR-9400334.

as defined in Fig. 2. The parametecan be varied to opti-
mize the gap. The parameters of Fig. 3 were optimal for th
fcc case ofz=0; we also maximized the gap for varyizg
and dielectric contrast, with results in Table I. In general, the: . Yablonovitch, Phys. Rev. Let§8, 2059(1987).
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